In this work, the effect of temperature-dependent thermal conductivity (k(T)) and viscosity (μ(T)) variation on entropy generation in circular channels with an approach from macro-to micro-scale is numerically investigated. Thermally as well as hydrodynamically fully developed flow of water through the fixed length channels with constant total heat flow rate and total mass flow rate is considered. The effects of k(T) variation and μ(T) variation on entropy generation are analyzed individually as well as collectively. It is observed that in the case of Constant Property Solutions (CPS) S gen,tot is maximum at the macro-level; however, in the case of combined k(T) and μ(T) variations it is maximum at the micro-level. The Bejan number (Be) and irreversibility distribution ratio (φ) are also calculated for asserting the dominance of frictional irreversibility and conduction heat transfer irreversibility. Additionally, the optimum diameter (D * ) corresponding to the optimum number of channels is calculated at minimum total entropy generation. It is observed that D * is minimum for k(T) variation followed by CPS, μ(T) variation, and combined k(T) and μ(T) variations.
Introduction
Entropy generation (EG) and its consequences indicate irreversibility according to the second law of thermodynamics. The loss of the available work of the thermal system (TS) due to irreversibility is also a measure of EG. The second law of thermodynamics defines that entropy is a point function, a property, a measure of chaos quantifying the quality of energy that is used to make the distinction between irreversible and reversible processes. However, EG is a path function, is directly associated with thermodynamic irreversibility (i. e., frictional and thermal irreversibility), and reduces the available energy of the TS. Therefore, the irreversibility should be minimized to improve the performance of the TS. The method of minimizing the EG is based on the synchronized application of the first law and the second law of thermodynamics in design and investigation. The efficiency of first law thermodynamics in a heat transfer (HT) engineering system is very much limited. Thus, qualitative law-based analysis is adopted to elaborate the irreversibility in terms of entropy generation rate (EGR) for the optimization of most TSs. This method of optimization is called entropy generation minimization (EGM) method [1] . Ogedengbe et al. [2] numerically studied the irreversibility due to slip flow of dissipative internal and kinetic energy exchange in micro-channels. It was noted that the operating performance of the micro-fluidic devices is affected by these energy exchange mechanisms. Kumar and Mahulikar [3] addressed the physical effects of variable fluid properties on laminar gas micro-convective flow. The emphasis was placed on the physical effects in the applications of laminar gas micro-convection based on large temperature gradients. Hooman [4] presented work on EG for thermally fully developed forced convection in parallel plate micro-channels and micro-pipes by considering the effects of temperature jump and slip velocity at the walls. It was observed that the entropy production is very sensitive to the fluid velocity, fluid viscosity, and channel hydraulic diameter for both cross-sections. Kumar et al. [5] presented work on laminar forced convection in the parallel micro-channel heat sink (MCHS) and found that the maximum frictional entropy occurs at the maximum mass flow rate. Kumar and Mahulikar [6, 7] numerically analyzed the physical effects of thermophysical fluid properties on flow and thermal fields in the micro-channel. It was observed that four different flow regions (developed-undeveloping-undeveloped-developing) are present in the flow field. Awad and Muzychka [8] reviewed and broadly discussed the thermodynamic optimization of heat exchangers and micro-channels by using EGM methodology. Singh et al. [9] theoretically investigated the EG in three different circular micro-channels. This work concluded that the EG due to frictional irreversibility dominates over thermal irreversibility at lower channel diameter. Ibáñez and Cuevas [10] utilized the EGR as a tool to calculate the intrinsic irreversibility present in the parallel plate micro-channel due to heat flow, viscous friction, and electric conduction. Alquaity et al. [11] numerically studied the EGR in laminar flow with the existence of phase change particles in the micro-channel. It was noted that at low mass flow rates, the EGR due to HT was dominant; however, the EGR due to fluid friction becomes comparable to the EGR due to HT at high mass flow rates. Some researchers [12] [13] [14] [15] [16] worked on the EGR considering the effects of viscous dissipation (VD) in the flow field. Hayat et al. [13] investigated the combined effects of VD and Joule heating in flow by rotating disks of variable thickness. Water was used as a base fluid while silver and copper were included as nanoparticles. It was observed that as the nanoparticle volume fraction (VF) increases, the effects of HT become dominant over fluid friction and magnetic effects. Yadav and Singh [17] mathematically investigated a fully developed flow of a viscous incompressible fluid in a rectangular porous duct. It was observed that the EG is double when both the viscous and the Darcy dissipation terms are included in the thermal energy equation. Pourmehran et al. [18] investigated the HT and fluid flow of nanofluid (NF) flow over a vertical stretching sheet under the effect of thermal radiation and buoyancy. It was noted that the maximum HT rate and the smallest skin friction coefficient are attained by maximizing the magnetic parameter and nanoparticle size and by minimizing the buoyancy parameter and radiation parameter. Biglarian et al. [19] numerically investigated unsteady magnetohydrodynamic NF flow and HT between parallel plates. It was found that maximum HT enhancement is achieved by using copper nanoparticles. Ben-Mansour and Sahin [20] numerically investigated EG in a circular pipe with temperature-dependent thermophysical properties of engine oil. A considerable deviation in EG was found due to μ(T) variation. Rashid et al. [21] carried out an investigation of EG in the flow of ferromagnetic liquid with nonlinear radiation and slip condition. It was noted that the EGR increases for increasing the Brinkman number (Br) and VF of nanoparticles whereas opposite results were found for the Bejan number (Be). Ganji et al. [22] worked on the effects of variable viscosity on EG in a circular pipe. This work found that the fluid viscosity significantly changes the temperature distribution close to the wall and increases the wall temperature enhancing the EGR. Hayat et al. [23] studied the impact of the Cattaneo-Christov heat flux (HF) model with k(T) variation in fluid flow over a variable thicked surface. It was seen that the temperature profile diminishes for a higher thermal relaxation parameter. Guo et al. [24] numerically analyzed the EG in the curved square micro-channel by considering the effects of μ(T) variation. It was noted that the effect of μ(T) variation on EG is more noticeable for ethylene glycol than for aniline. Kumar and Mahulikar [25] numerically investigated the effects of temperature-dependent thermophysical properties of fluid on micro-convective flow. It was observed that the effects of fluid property variations on pressure drop are highly significant for micro-convective water flow. Mehrali et al. [26] experimentally investigated the effects of variable thermophysical properties of NF in the laminar flow regime. The overall performance of the NFs was measured based on the optimum work conditions and performance index, signifying that the NFs can be useful in real-world applications. Mohseni and Bazargan [27] examined the effects of the variable thermophysical properties of supercritical fluids in a turbulent flow. The HT rates decrease with the augmentation in the wall HF for a supercritical environment that causes additional temperature differences in the flow field. Hooman and Gurgenci [28] analytically investigated the effects of μ(T) on fully developed forced convection in a rectangular duct. It was observed that the EG due to flow in a square duct is higher than in a rectangular duct. Hayat et al. [29] addressed a physical aspect of irreversibility in the radiative flow of viscous material with quartic autocatalysis chemical reaction. It was noted that the EGR can be controlled by minimizing the impact of Br and the Reynolds number (Re). Prabhu and Mahulikar [30] numerically investigated the effects of ρ(T) and k(T) variations on EG in gas micro-flows. It was noted that the fluid friction irreversibility and axial HT irreversibility considerably increase due to ρ(T) and k(T), respectively, in the working temperature range of 275-535 K. Waqas et al. [31] modeled and analyzed the impact of the magnetic dipole on Carreau NF subjected to heat generation. It was found that the increment in ferrohydrodynamic interaction variable leads to improvements in the thermal field.
Rashidi et al. [32] numerically worked on EG with temperature-dependent thermophysical properties of working fluid in magnetohydrodynamic flow over a rotating porous disk. Hayat et al. [33] examined the Joule heating and VD in flow by rotating disk having a variable thickness. It was observed that the EGR is a diminishing function of the Eckert number, Hartmann number (Ha), and Re, whereas it exhibits opposite behavior for Be. Sahin [34] investigated the EG and pumping power for a laminar viscous flow in a duct under constant wall HF conditions by considering the effects of μ(T). It was observed that the EG per unit HT decreases with increasing duct length. Hayat et al. [35] reported the impact of Cattaneo-Christov HF in the stagnation point flow of Maxwell fluid towards a nonlinear stretching surface of variable thickness. It was seen that the distribution of temperature drops for higher values of the thermal relaxation parameter. Khan et al. [36] investigated the mixed convective flow of Walter-B liquid by considering the effects of Joule heating and nonlinear radiation. It was observed that as the thermophoresis parameter increases the temperature of fluid increases whereas the opposite is observed for increasing Prandtl number. Nouri-Borujerdi [37] numerically optimized the micro-channel dimension in two-phase flow by analysis using the second law of thermodynamics. It was noted that as the wall HF increases the lowest EG moves toward the higher aspect ratio. Khan et al. [38] numerically worked on the colloidal investigation of Casson fluid with homogeneous-heterogeneous reactions toward stretching sheet. It was found that the velocity is a decreasing function of Ha. Waqas et al. [39] numerically investigated the simulation of mixed convective Jeffrey nanomaterial flow under the effects of magnetohydrodynamics. It was concluded that as the heat absorption parameter, thermal stratification parameter, and Prandtl number increase, the temperature field reduces. Jafari and Ghazali [40] presented an optimization method for a circular MCHS using an EGM technique with the EGR based upon pressure drop and thermal resistance. The optimum number of channels was calculated for optimum D h of the circular channel for minimum EG. Khan et al. [41] presented a work on EGM of NF flow with nonlinear thermal radiation over a thin moving needle. The lowest HT rate was attained for the highest radiative parameter. Hayat et al. [42] theoretically optimized the EG in the flow of second-grade NF. It was observed that for higher values of the magnetic parameter, the VD irreversibility is more than that of HT irreversibility, and consequently Be decreases. Rahimi-Gorji et al. [43] statistically optimized the MCHS cooled by various NF using response surface methodology (RSM). It was noted that the Brownian movement of the particles increases due to increasing nanoparticle VF. This results in a smaller temperature difference between coolant and wall. Additionally, it was noted that the silver-water NF flow shows the maximum Nusselt number for a wide range of parameters. Pourmehran et al. [44] numerically optimized the performance of MCHS cooled by various NFs in a saturated porous medium. It was concluded that the copper-water NF is more favorable in the transport of heat than the Al 2 O 3 -water NF. In recent works, most researchers are working on NF flow through micro-channels because of their extraordinary heat carrying capacity, which enhances the heat transport.
It is observed from the above literature that the incorporation of variation in thermophysical fluid properties affects the EG. However, to the best of our knowledge, the physical effects produced due to property variation on the optimization of the channel diameter (based on EGM) towards the micro-scale have not been explored comprehensively. Therefore, the objectives of the present work are (i) to numerically investigate the effects of k(T) variation, μ(T) variation, and combined k(T) and μ(T) variations on EG, (ii) to comprehensively study the physical mechanism of the individual and combined variation of k(T) and μ(T) in irreversibility analysis, and (iii) to study the effects of property variations on the diameter optimization with respect to the number of channels.
This numerical examination demonstrates that it is possible to achieve a substantial enhancement in the operation of TSs through EGM. Applications of this investigation include the cooling of integrated circuits or chips, graphics cards, and power amplifiers (with liquid coolant) and cooling of gas turbine blades (with air coolant).
From the above discussion, it may be concluded that this work presents a novel, beneficial, and fascinating study of the influence of property variations on convective HT performance of liquid micro-flow subjected to steeper temperature gradients measured in terms of EG. The understanding of irreversible losses due to fluid property variations can be helpful in the design of heat sink applications for different micro-scale devices.
Problem statement and configuration
In the present work, the total mass flow rate (ṁ tot = N ⋅ṁ N = ρ ⋅ A cs,N ⋅ u m ⋅ N = 18.0101 × 10 −5 kg/s) and total heat flow (q tot = 31.415926 W) are taken constant for the analysis of EG in the macro-to micro-circular crosssectional channels of different D N by considering the effects of thermophysical fluid property variations (k(T) and μ(T) variations). Fig. 1 illustrates the schematic diagram of the two-dimensional computational domain under different boundary conditions (BCs). The fluid flow is taken along the axial direction only. The length of the channels (l = 100,000 μm) is fixed. The geometrical parameters (l and D N ) and flow parameters (ṁ tot anḋ q tot ) are designed under the consideration of single phase flow (i. e., the maximum temperature of flowing fluid in the flow domain does not exceed 372 K) inside the channels. The flow field is fully developed thermally as well as hydrodynamically for all cases presented in Table 1 . Water is used as a working fluid with variable thermophysical properties, as shown in Table 2 . The expression for k(T) variations is obtained as a least-square error third-order polynomial fitting of data in the working temperature range of 274-372 K. The k(T) variation for single phase water is set by cubic fit as [45] 
The k value of water increases with increasing temperature of the water. In addition, the expression of μ(T) for single phase water is given by Sherman [46] as
where T is in Kelvin, n = 8.9, B = 4700, μ(T ref ) = 0.0005465 Pa·s at T ref = 323 K. As the temperature of water increases the viscosity decreases.
3 Solution methodology
Governing equations
The two-dimensional incompressible, steady-state continuum-based governing conservation equations for flowing fluid through a micro-channel in cylindrical coordinates with μ(T) and k(T) variations are as follows [47] . The continuity equation is
The momentum equation (axial direction) is
The momentum equation (radial direction) is
The SIMPLE (semi-implicit method for pressure-linked equations) algorithm is adopted for coupling the velocity field and pressure in the radial and axial momentum equations. In addition, the discretization of the pressure gradient is done by the standard scheme.
The energy equation is
For the axis-symmetry case, the VD function (ψ) is expressed as
The second-order upwind scheme is used for discretizing the spatial gradients in the energy equations. 
First law of thermodynamics-based analysis
The hydrodynamically fully developed velocity profile of steady, incompressible, and Newtonian forced convective laminar fluid flow through the channel is expressed by the Hagen-Poiseuille equation, i. e.,
The thermally fully developed temperature profile is given by
The temperature gradient for thermally fully developed flow along the axial direction under the constant HF condition is formulated as
where T b is the bulk mean temperature of the fluid, expressed as T b = rate of flow of enthalpy through a cross section rate of flow of heat capacity through a cross section ,
The Fluent solver is used to solve the governing partial differential equations (PDEs) (eqs. (3)-(6)) numerically using initial conditions (ICs) and BCs in the two-dimensional computational domain. The ICs and BCs are as follows:
At the inlet (z = 0) The fully developed forced convection of Hagen-Poiseuille (eqs. (8) and (9)) provided the fluid with inlet temperature T 0,in = 273 K is considered without the entrance effect associated with velocity and temperature profiles. These profiles are based on k(T) and μ(T) (eqs. (1) and (2)) of fluid with no slip and no temperature jump conditions. The radial velocity is taken as zero (v = 0 m/s).
At the wall (r = R) The BCs (Fig. 1 ) in terms of constant wall HF (q ὔὔ w,N = constant for electrically heated micro-channels made up of low electrically conductive materials with uniform wall thickness allows convective HT modeling [48, 49] ) are applied corresponding to the cases under consideration ( Table 1) . No normal flow velocity (v w = 0) and no slip velocity (u w = 0) are considered (nonporous rigid wall). The calculation of wall HF is made as follows:
At the axis (r = 0) The axisymmetric BCs are applied at the center line of the channel as shown in Fig. 1 . The differentiability of flow parameters (p, T, u) at r = 0 is p/ r = T/ r = u/ r = 0.
At the outlet (z = l) Atmospheric pressure (P exit = P atm = 1.01325 bar) conditions are considered at the outlet of the microchannel. The Neumann BCs are applied to the transport variables (u, v, T) and their normal gradients are taken as zero, i. e., u/ z = v/ z = T/ z = 0.
Second law of thermodynamic-based analysis
The existence of entropy is because of irreversibility within the TS and the EG is recognized by the quantitative measurement of irreversibility incorporated in the process. Therefore, the volumetric EGR can be calculated as [50] Ṡ ὔὔὔ gen =Ṡ ὔὔὔ gen,FR +Ṡ ὔὔὔ gen,HT ,
S ὔὔὔ gen =Ṡ ὔὔὔ gen,FR + Ṡ ὔὔὔ gen,HT-ax +Ṡ ὔὔὔ gen,HT-rad ,
The VD function formulation (eq. (7)) becomes ψ = ( u/ r) 2 , when only axial velocity is considered and radial velocity is neglected. Equation (15) contains two vector form terms in the right-hand side. The first termṠ ὔὔὔ gen,FR is because of the fluid friction while the second termṠ ὔὔὔ gen,HT is due to conduction HT along the direction of finite temperature gradients, i. e., the radial as well as the axial direction. The volumetric EGR due to friction isṠ 
The axial velocity gradient in the radial direction is discretized by the first-order forward difference approach as
The EG due to friction is obtained by substituting eq. (17) in eq. (16) and multiplying with N and V N . We obtain
The volumetric EGR due to conduction HT in the axial direction iṡ
The PDEs for temperature gradient along the axis using the first-order forward difference approach is given as
By putting eq. (20) in eq. (19) and multiplying with N and V N , the EG due to conduction HT in the axial direction is calculated as S gen,HT-ax =Ṡ ὔὔὔ gen, HT-ax 
The volumetric EGR due to conduction HT in the radial direction iṡ
By the first-order forward difference approach, PDEs of the temperature gradient along the radial direction are discretized as
Similarly, from eqs. (22) and (23) the EG due to HT in the radial direction is given as S gen,HT-rad =Ṡ ὔὔὔ gen, HT-rad 
The summing up of eq. (21) and eq. (24) gives the total EG due to HT as S gen,HT = S gen,HT-ax + S gen,HT-rad .
The total EG is calculated by the following expression (obtained by adding eq. (18) and eq. (25)):
S gen,tot = S gen,FR + S gen,HT .
Be is obtained by dividing eq. (25) by eq. (26) 
The intersection diameter (D int ) corresponding to the number of channels is calculated by S gen,FR = S gen,HT .
The optimum dimension of the channel (D * ) corresponding to the optimum number of channels (N * ) exists at the minimum value of S gen,tot , which is given by the following criterion:
Validation
Validation for the optimum diameter (D * ) corresponding to the optimum number of channels (N * ) in the case of CPS is done with an existing explicit mathematical methodology used by Genić et al. [51] and Milovančević et al. [52] . It is noted that the outcomes are in good agreement.
Results and discussion
The effects of the variations of k(T) and μ(T) on the irreversibilities from the macro-, through the mini-, towards the micro-scale have been examined in this work. The working temperature range of the water in the fluid domain remains in the range of 274-372 K. Therefore, the variations in the single phase properties are applicable. For water, a 21 % change in k(T) and an 84 % change in μ(T) within the single phase region are noted [45] .
Effects of variable thermophysical properties of fluid on conduction heat transfer irreversibility

Effects of k(T ) variation
Firstly, the radial temperature gradient ( T/ r) i,j decreases due to the incorporation of k(T) variation towards the micro-scale, and then it increases. The k value of water reduces as the temperature of the water decreases. It is noted that T i,j along the radial direction significantly decreases towards the micro-scale. This results in the diminishing of k(T i,j ) of water along the radial direction. Therefore, S gen,HT-rad decreases up to a limit and then increases with decreasing D N due to the collective effects of k(T i,j ), T i,j , and ( T/ r) i,j . In comparison with CPS, S gen,HT-rad has similar values towards the micro-scale and lower values towards the macro-scale (shown in the enlarged view of Fig. 2 ). However, k(T) variation does not affect the axial temperature gradient ( T/ z) i,j . The value of ( T/ z) i,j remains constant with decreasing D N . The values of T i,j and k (T i,j ) of water along the axial direction are variable and decrease with reducing D N . It results that S gen,HT-ax increases towards the microscale (Fig. 3) . Fig. 3 illustrates that S gen,HT-ax has a lower value for k(T) variation as compared to CPS at the micro-scale.
Effects of μ(T ) variation
The μ(T) variation plays an important role in resistance to flow. In the enlarged view of Fig. 2 (at the macroscale), S gen,HT-rad for μ(T) variation has a lower value than the CPS and k(T) variation. This is due to the low value of ( T/ r) i,j for μ(T) variation. However, at the micro-scale, it is found that S gen,HT-rad is approximately the same for CPS, k(T) variation, and μ(T) variation. Hence, the slope of this graph (Fig. 2) decreases towards the micro-scale. Fig. 3 shows the variation of S gen,HT-ax with D N for μ(T) variation, k(T) variation, and CPS. It is noted that for μ(T) variation at the micro-scale, the value of S gen,HT-ax is higher than for k(T) variation and nearly the same as for CPS. Since ( T/ z) i,j and k(T i,j ) are constant in the case of μ(T) variation, S gen,HT-ax is evaluated only by T i,j . It is observed that T i,j decreases with decreasing D N . Hence, S gen,HT-ax increases with decreasing D N . 
Combined effects of k(T ) and μ(T ) variations
It is observed that upon incorporation of k(T) variation with μ(T) variation, S gen,HT-rad has values similar to those for CPS for micro-channels but has the lowest value among all the cases for macro-channels shown in Fig. 2 . The value of ( T/ r) i,j is higher at the macro-level for the combined effects of k(T) and μ(T) variations than for CPS, however the calculated values of T i,j and k(T i,j ) are lower. Fig. 3 
Effects of variable thermophysical properties of fluid on frictional irreversibility
Effects of k(T ) variation
In Fig. 4 , the curve of CPS is followed by k(T) variation. The deviation in values of ( u/ r) i,j is insignificant in the case of k(T) variation as compared to the case of CPS. Similarly, the value of T i,j for k(T) variation insignificantly deviates from the value of T i,j for CPS, which results in almost the same impact on frictional irreversibilities. As ( u/ r) i,j rapidly increases towards the micro-scale, S gen,FR dominates in micro-channels as compared to macro-channels.
Effects of μ(T ) variation
The value of μ(T i,j ) increases with decreasing D N due to the incorporation of μ(T) variation. The T i,j value for μ(T) variation insignificantly deviates from the T i,j value for CPS. The value of ( u/ r) i,j is larger in the case of μ(T) variation with respect to CPS, especially at the micro-scale. Therefore, more frictional irreversibility occurs with μ(T) variation than with k(T) variation or CPS (Fig. 4) . 
Combined effects of k(T ) and μ(T ) variations
The curve of frictional irreversibility for μ(T) variation and combined k(T) and μ(T) variations has a similar trend from the macro-, through the mini-, to the micro-scale. It is observed that the values of T i,j , μ(T i,j ), and ( u/ r) i,j are similar in the cases of μ(T) variation and combined k(T) and μ(T) variations. Moreover, S gen,FR dominates at the micro-scale and has the maximum value in the case of combined k(T) and μ(T) variations. Fig. 5 and Fig. 6 demonstrate the comparative variations of S gen,tot and Be along with D N , respectively, in the case of CPS and VPS. The value of S gen,tot is maximum for CPS at the macro-level; however, at the micro-level, the value of S gen,tot is maximum for combined k(T) and μ(T) variations. Therefore, in all the existing curves ( Fig. 5 ) a valley is found from the macro-to the micro-scale, which results in minimum total irreversibility for CPS and VPS. In Fig. 6 , it is shown that the value of Be is constant in all cases at the macroscale. However, it is different in all cases at the micro-scale. The value of S gen,tot is maximum (enlarged view of Fig. 5 ) at the micro-scale for combined k(T) and μ(T) variations among all the cases. Therefore, Be is lowest for combined k(T) and μ(T) variation among all the cases. Fig. 7 illustrates the variation of φ with D N for CPS and VPS. The curve of φ is almost constant at the macro-scale and rapidly increases towards the micro-scale. As a result, the impact of frictional irreversibility is highest for combined k(T) and μ(T) variations, followed by μ(T) variation, CPS, and k(T) variation at the micro-scale.
Optimization with property variations
The intersection values for D N and N are found with the help of eq. (29) . The number of channels at which minimum irreversibility occurred is rounded off to an integer ( Table 3 ). The enlarged view of Fig. 8 demon- strates the comparative values of D int for CPS and VPS. It is found that D int for k(T) variation is only slightly lower than for CPS among all the VPS. Moreover, it is noted that the values of D int (from eq. (29)) and D * (from eq. (30)) are equal in magnitude. Table 3 shows the actual values and rounded-off values of the number of channels (N) and the optimum diameter values. Table 3 gives the optimum values (with the help of eq. (30)) of D * corresponding to N * for CPS and VPS. The value of D * is maximum upon the incorporation of combined k(T) and μ(T) variations, and the minimum D * value is found for k(T) variation. The maximum N * is calculated for k(T) variation followed by CPS, μ(T) variation, and combined k(T) and μ(T) variations.
Summary and conclusions
The key findings made by this numerical study are the following: 1. The property variations do not affect S gen,HT-rad significantly at the micro-scale; however, S gen,HT-rad is found maximum for CPS followed by k(T) variation, μ(T) variation, and k(T) and μ(T) variations at the macro-scale. 2. The k(T) variation and combined k(T) and μ(T) variations considerably impinge on S gen,HT-ax . The value of axial heat conduction is lower for k(T) variation as compared to CPS at the micro-scale.
3. The conduction HT irreversibility is significantly influenced by the incorporation of k(T) variation in the axial direction only. 4. The μ(T) variation plays an important role in frictional irreversibility towards the micro-scale in comparison to CPS. Therefore, it is observed that more frictional irreversibility occurs at the micro-scale due to μ(T) variation. 5. The CPS results in maximum S gen,tot at the macro-level, whereas the combined k(T) and μ(T) variations result in maximum S gen,tot at the micro-level. 6. The D * corresponding to N * is calculated to be lowest for k(T) variation, followed by CPS, μ(T) variation, and k(T) and μ(T) variations. 
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